ABSTRACT: The cold climate environment can cause damage to engineering structures such as roadway/railways and pipelines. There has been an increased use of finite element numerical models to study and understand the processes involved. The primary difficulty in the application of such numerical models is the lack of proper coupling between the related processes of water, thermal, and airflow. This paper presents classic benchmarks solved with a finite element numerical modeling code which demonstrates the correct coupling of the thermal, hydraulic, and air (THA) processes. The use of this technology potentially opens the use of numerical models to a wider range of applications in artic regions.
INTRODUCTION
With the economic development and ever increasing demand in energy resources, engineering activity in Polar Regions is increasing. The design of roadways, railways, and pipelines can be affected by thermal and water/air flow processes and their interaction with permafrost. The cold climate environment can cause damage to engineering structures such as roadway/railways and pipelines. Chen et al (2008) addressed many innovative technologies in order to protect the permafrost roadbed in the design of the Qinghai-Tiebet Railway, for example, using natural convection of air or thermosyphons etc. to cool embankments. Natural convection of air is a coupled process of air density-dependent flow and convective heat transfer. On the other hand, the process of oil density-dependent flow and convective heat transfer cannot be neglected in the analysis of oil leak propagation in the soil. Elder (1967) presented a significant experiment and numerical analysis on the buoyant process created by a water case heated from below. There has since been an increased use of finite element numerical models to study and understand the processes involved. Goring et al (1999 Goring et al ( , 2003 , Jiang et al (2004) , Sun et al (2007) , and Lebeau and Konrad (2009) represent some of the subsequent studies. This paper presents of numerical modeling of the coupling of the thermal, hydraulic, and air (THA) processes by using the SVHeat, SVFlux, and SVAirFlow softeare (SoilVision System Ltd) in the following engineering applications.
BECHMARK 1: UNCOUPLED HEAT CONVECTION WITH STEADY-STATE WATER
FLOW (ERH 1971 ) Erh et al. (1971 presented experiments and an analytical solution to the heat convection problem under a constant water flow. The SVHeat software is utilized for the analysis of this model which contains the process of thermal conduction and convection with a constant water flow.
Model description
The schematic of the model configuration is illustrated in Figure 1 . The water flows at a constant rate, v, from the bottom to the top of the cylindrical soil column. The temperature of flowing water, T w , is applied on the lower end of the soil column, and the temperature at the upper end of the soil column is equal to ambient temperature, T amb . The thermal flux on the lateral surface of the cylindrical soil column is calculated based on the thermal convection coefficient, h c . To simulate the water flow velocity effect on the heat convective transfer, 10 models wre created.
It is worth noting that the height of soil column is extended from 0.3 m to 0.6 m to approximate the boundary condition of T = T amb when   z in original Erh's analytical solution. However, only the temperatures from the elevation of 0 to 0.3 m are recorded in the simulation. No initial condition is required for the steady-state problem in this benchmark.
Material Properties
The material properties are illustrated in Table 1 . Soil freezing and thawing are not considered in the benchmark. The dimensionless temperature T1 and elevation Z1 were employed in the analytic solution (Erh, 1971) , and they are defined as follows:
where: T 1 is the dimensionless temperature; Z 1 is the dimensionless elevation; T is the soil temperature in Elder (1976) presented a numerical analysis of convective heat flow. The analysis has since been regarded as a standard benchmark of buoyant convection. This benchmark uses the coupled model of water and heat flow including the effect of water convective flow and density dependent flow due to the thermal expansion of water to simulate buoyant convection. The problem has been set up using the commercially available SVHeat and SVFlux software.
Model Description
The model is made up of rectangular geometry with a length of 600 m, and a height of 150 m (see The material of the model is saturated, and soil freezing and thawing are not considered in the model. The material properties are illustrated in Table 2 . 
Discussion of Results
The temperature patterns simulated with SVHeat and SVFlux are shown in Figure 5 . The simulation time is set to 10 years. The pattern of temperature distribution for the Elder problem is sensitive to the mesh spacing. Figure 6 illustrates the effect of different mesh spacing on the symmetry of the contours, indicating that when the mesh spacing is less than 3 m, the distribution of temperature trends to be symmetric. Goering (2003), Sun et al (2007) , and Lebeau (2009) have conducted a numerical simulation of cooling an embankment using natural convection. The intent is to protect railway or roadway construction from thawing in permafrost areas. This example presents the characteristics of air buoyant flow and temperature distribution as governed by natural convection within the embankment using the SVAirFlow and SVHeat software.
Model description
The model geometry of the right half of a symmetric roadway is shown in Figure 7 . The embankment is constructed with ballast type of material that has high air permeability. The pore-air in the embankment is allowed to approach equilibrium with the surrounding atmosphere. The climate temperature changes with time, as described in equation [3 ] . The ground foundation is assumed to be uniform silt material with high water content. On the natural ground surface, the air transfer on the boundary is assumed to be impermeable, and the climate temperature varies with time by equation [3] . The air is assumed to be incompressible in natural convection. Goering (2003) presented the empirical equation [3] and equation [4] to describe the climate temperature change at the embankment surface (AB and CD), and ground surface BC. The air pressure that is applied to the surface AB and CD is calculated using the equation [5] according to the climate temperature of Equation [6] . A geothermal flux with the value of 0.06 w/m 2 is applied at the boundary of foundation bottom. The initial conditions are set to a temperature = 2 o C, and the initial pore (gauge) air pressure u a = 0 kPa.
Boundary conditions
where T abc is the temperature applied to the embankment surface ABC in o C; T cd is the temperature applied the natural ground surface CD in o C; T amb is the ambient temperature in o C; u abc is the air 
Material Properties
The main properties of material used in the model are based on the values from Goering, as shown in Table 3 . Multi-linear estimation
1.0E-10
The air conductivity of a material in airflow is calculated based on air intrinsic permeability and air dynamic viscosity that is a function of air temperature. The thermal conductivity of heat transfer is calculated using the Johansen approach for the given quartz content. Please see SVAirFlow and SVHeat Theory Manual for a detailed description on how the theoretical formulation makes use of the material properties.
Result and Discussion
The model is simulated for 21 years to eliminate the effect of the initial condition on the temperature in ground foundation. The following briefly discusses and compares the results with other software.
The patterns of convective air flow in the embankment
During winter, the cool air at the embankment surface enters into the embankment. This happens because the air density increases with the decrease in temperature. The warm air then flows out from the lower region in the embankment to the atmosphere by the process of natural convection, as illustrated in Figure 8 . The onset of natural convection occurs between October and November. After that time the amount of convective airflow increases with the decrease in temperature until March. The convective flow reduces with the increase in temperature after the end of March (see Figure 8) . During the summer, because the temperature on the embankment surface is higher than the temperature at the lower region in the embankment, a small amount of convective airflow occurs in the embankment. As illustrated in Figure 8 , multi-airflow loops are formed in wintertime. For the two neighboring convective airflow loops, if one flows clockwise, another must move anti-clockwise. This characteristic of natural convection was also discussed in other research (Chen et al., 2008) . Goering has simulated the results similar to Figure 8 . It should be noted that the exact comparison to the flow vectors is not possible as Goering did not publish enough specifics of the modeling process. Figure 9 further illustrates the comparison of the average value of airflow velocity at various locations with the value obtained by Goering. It should be noted that the airflow velocity for Goering in Figure 9 is the average value of airflow velocity magnitude over the whole embankment. This may be why the airflow velocity simulated in this benchmark in the SVAirFlow software has greater variation than Goering's value. The maximum soil temperature at the ground base of the embankment is of particular interest to evaluate the embankment stability in the permafrost area. The construction of a railway or highway in the permafrost area was built above the permafrost layer. If the soil temperature below the ground surface of the embankment is above the soil freezing point, the thaw settlement of permafrost results in damage to the embankment. Figure 10 shows the changing cycle of soil temperature with time at the base of embankment. It can be seen that the maximum soil temperature during the summer at the ground base of embankment changes from the initial value of 2 o C to 0 o C after about 9 years. This implies the embankment base is cooling due to the effect of natural convection. Figure 11 illustrates the temperature contours on October 3 after a simulation time of 20 years. It can be seen from this figure that the temperature contour at the base of embankment is close to 0 o C. This paper has presented numerical analysis of the coupled model of water, air, and heat flow using the commercially available SVFlux, SVAirFlow, and SVHeat software to solve engineering problems with the processes of the water density-dependent or air density-dependent flow and convective thermal transfer. SVFlux, SVAirFlow, and SVHeat can be employed to simulate the triple coupling process of water-air-heat flow. The benchmarks are successful and demonstrate a close comparison between the software and published results. As a further future study, the snow influence and subsequent cooling effect of the embankment can also be simulated by applying a snow climate boundary.
